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Thermospheric Space Weather Modeling

Frank A. Marcos', William J. Burke2, and Shu T. Lai3

Space Vehicles Directorate, Air Force Research Laboratory, Hanscom AFB, MA 01731

We review impacts of satellite drag and describe past, current and future capabilities
designed to meet evolving operational requirements. Historically, thermospheric research
has been data starved. Thus, from the early space age to the end of the 20th century little
progress was made in satellite-drag modeling. This condition improved greatly with the
development of empirical assimilative models and recent availability of comprehensive drag
measurements. The resurgence in orbital drag analyses to specify thermospheric densities
has been particularly useful for addressing input requirements of assimilation models as well
as their development and validation. With the new Jacchia-Bowman 2006 model the status
of empirical modeling improved significantly. It builds on the expanded satellite drag
database and incorporates improved estimates of solar flux changes as well as semiannual
and local time variations of the thermosphere. However, magnetic storm representations of
Jacchia-Bowman 2006 are similar to those used in other current models. Satellite-borne
accelerometers and optical sensors now provide complementary spatial and temporal
capabilities that permit monitoring the thermosphere over a wide range of altitudes under
most solar and geomagnetic conditions. Long-standing shortfalls during periods of high
geomagnetic activity are now being attacked with these data and through new analyses of
solar wind and IMF measurements, correlations with magnetosphere-based magnetic indices
and emerging theoretical tools. These advances in understanding thermospheric coupling
during magnetic storms will be incorporated into empirical model upgrades. The analyses
of new data sets joined with on-going research on physical thermosphere-ionosphere-
magnetosphere coupling processes support the pursuit of our ultimate goal, an assimilative
and predictive operational model of thermospheric neutral densities.

Nomenclature
A = satellite cross-sectional area
aD = orbital drag acceleration
B = ballistic coefficient
CD = satellite drag coefficient
Dst = disturbance storm time index
EUV = extreme ultraviolet
Evs = Volland-Stern electric field
F10.7 = index of solar 10.7cm flux
FUV = far ultraviolet
g = gravity
kp = magnetic activity index describing variation in the geomagnetic field
L, = first Lagrange point
M = satellite mass
mn = mean molecular mass
R =gas constant

<P> = aveatmospheric density 20070824022
<PT> = average thermospheric density
T = atmospheric temperature
V = satellite velocity relative to the ambient gas

' Senior physicist, Space Weather Center of Excellence, Mail Stop: VSBXT; Member AIAA.
2 Emeritus, Space Weather Center of Excellence, Mail Stop: VSBXI.
3 Senior physicist, Space Weather Center of Excellence, Mail Stop: VSBXT; Associate Fellow AIAA.
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I. IntroductionA erodynamic drag continues to be the largest uncertainty in determining orbits of satellites operating in Earth's
upper atmosphere below about 600 km. Drag errors impact many aerospace missions including precision satellite

orbit determination and prediction, collision avoidance warnings, reentry prediction, lifetime estimates and attitude
dynamics. Orbital drag accelerations (aD) for a satellite in the Earth's atmosphere are related to neutral density (p) by:

aD = - V2 (CDA/M) pV2 (1)

where CD, A, M and V are respectively the satellite drag coefficient, cross-sectional area, mass, and velocity relative to
the ambient gas. Uncertainties about neutral densities are the major source of drag errors and are the subject of the
remainder of the paper. Assuming A/M is known, the other terms in order of importance are generally the satellite's
drag coefficient, CD, and the neutral wind. Drag coefficient errors are typically assumed to be -10%. The neutral wind
enters the drag equation through the total atmospheric velocity relative to the satellite. Thus, winds of 200 m/sec
contribute about 5% to the total drag. However, during large geomagnetic storms, winds of -1 km/sec have been
observed at high latitudes.

This paper focuses on thermospheric density variations above 90 kin, where temperature rises drastically to -600 -
2000 K. The density and hence drag in this region is driven mainly by two solar influences: directly by EUV radiation
(solar photons) and indirectly by the solar wind (corpuscular radiation). Solar EUV is the main mechanism for heating
the Earth's thermosphere and creating the ionosphere. On average EUV radiation, at wavelengths < 200 nm, accounts
for about 75 - 80% of the energy input to the thermosphere, and thereby determines its basic structure. It is deposited
mainly at low to mid latitudes, in the sub solar region. This heating creates a pressure bulge that drives winds to
transport heat away from the hot dayside toward the Earth's cold nightside. Temperatures on the dayside are typically
30% higher than those on the nightside. Solar EUV fluxes originate in the chromosphere, chromosphere-corona
transition region and corona. In contrast to visible radiation, EUV emissions are highly variable, with chromsopheric
emissions changing by a factor of 2 or more and coronal emissions varying by a factor of 50-150 over the solar cycle.

Geomagnetic activity is low about 90% of the time and on average accounts for about 20% of the heating of the
thermosphere. During geomagnetic storms, the disturbed solar wind compresses the Earth's magnetosphere. Intense
electric fields in the high-latitude ionosphere drive rapid plasma convection that couple via collisions with neutral
winds. At the same time, the auroral oval expands and energetic particles precipitating into the lower thermosphere
enhance ionospheric conductivities. Intense field-aligned currents couple the auroral ionosphere with the
magnetosphere extracting electromagnetic energy (Poynting flux) that heats both the ionized and neutral gases. The
resultant heating expands the neutral atmosphere; changes local neutral compositions, generates traveling gravity waves
and excites strong winds'. The rate of electromagnetic energy input at high latitudes energy can rise to more than ten
times greater than that of the global EUV.
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Figure 1. Profiles of power inputs at the top of the atmosphere from 1975 through 2004. Data are for
geomagnetic activity (blue), solar EUV (solid gray, top curve) and particles (dotted gray, bottom).

Knipp 2 calculated energy inputs from solar EUV, "Joule" heating and particle deposition for the period 1975 to 2005
(Figure 1). This figure illustrates that the thermosphere is a dynamic region mainly dependent on the relative heating due
to solar EUV radiation at low latitudes and to auroral processes, associated with the solar wind, at high latitudes. EUV
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, ............. sources exhibit solar cycle, solar rotation and
, [day-to-day variabilities; storm effects are

episodic. A generally less significant energy
I I source, waves propagating up from the lower

S| Iatmosphere, further modulates the
• Ithermosphere. The density of the air

particles consequently is sensitive to solar
activity, season, longitude, latitude, local
time and magnetic storm conditions. These

1' / ¢0 unpredicted and irregular changes in the
atmospheric density are experienced by
satellites in low-Earth orbit as described byI 1 / i/ ,Eq. 1. The ranges of thermospheric
temperature and density variations are
illustrated in Figure 2. The neutral density
decreases exponentially with altitude.
Assuming diffusive equilibrium (not valid

... during geomagnetic storms), the density
depends on the scale height (RT/mg) where

Figure 2. Representative empirical model data showing vertical R is the gas constant, T is the temperature
distribution of density and temperature as a function of solar (dependent on solar cycle and geomagnetic
activity. Curves are for high solar activity at noon (1) and activity), m is mean molecular mass and g is
midnight (2) and for low solar activity at noon (3) and midnight the acceleration due to gravity. Below about
(4). Over the solar cycle the exospheric temperature varies by a 110 kin, turbulence mixes the atmospheric
factor of about 3 while the density increases by more than an order constituents. At higher altitudes the different
of magnitude at altitudes above 400 km. species are separated gravitationally such

that the main thermospheric constituent isgenerally atomic oxygen above about 200 and -.600 kmn. Helium densities compete with atomic oxygen above about
600 km during low solar flux conditions. For comparison, we note that the number densities of atmospheric neutrals
near the height of the F2 peak are more than order of magnitude larger than those of free electrons.

Figure 3 outlines procedures used to predict satellite orbits. Atmospheric densities calculated from a model are
applied in an orbit propagator to calculate future positions. To update any existing orbit, observations are first
collected. Air Force Space Command (AFSPC) uses the Space Surveillance Network (SSN) to provide the required
observations. This network uses radar sensors for near-Earth tracking (< 6,000 km altitude). Over a full
geomagnetically quiet day, orbital drag affects a satellite's along-track position by -800 km at 200 kmn altitude and -8
km at 400 km. Under disturbed geomagnetic conditions these errors can more than double. Thus, accurate density
knowledge is critical for collision avoidance calculations for the International Space Station and other high-value
assets. Satellite lifetimes strongly depend on solar
activity as well as altitude (Figure 4). This chart
assumes that the same solar flux is experienced
throughout its lifetime. daSl

Under the illustrated conditions the lifetime of a illhed
satellite initially at 400 km is reduced from about 4
years at solar minimum to about a half year under solar
maximum conditions3. Atmospheric density
uncertainties also degrade the capability to determine
the time of a satellite's reentry. During quiet
geomagnetic conditions, 24 hour and 2 hour predictions
are found to have average errors of I hr 46 min and 14
min. respectively 4. For a typical satellite, 14 minutes
corresponds to a distance of >6500 km. During dKM&k 4~w 1W
geomagnetically active times, these errors increased to h*..o/

3 hr and 42 min for 24 hour predictions and to 36
minutes for the 2 hour predictions. Therefore it is not
possible to accurately predict the location of the reentry. Figure 3. Satellite orbital prediction technique block
Better knowledge of space weather and the responses of diagram. Atmospheric density predictions are needed
Earth's upper atmosphere are required to make to calculate future positions of the spacecraft.
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meaningful progress on low Earth orbit determination ow ONwY nim, Vs 8dt,a, Fi,-hplow, go"
issues. 10 .

Progress in understanding the satellite drag environment !!
can be conveniently described in two in two steps: intra- -..
and post-20th century. Section II describes development 102
of models based on limited datasets between the dawn of -, 70 In.
the space age and the century's end. Section III highlights ... ....... ..
some selected areas of research that exploit new databases ,
and modeling techniques now becoming available.
Section IV summarizes progress in Air Force operational
satellite drag modeling capabilities. 10,t  .
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Figure 4. Satellite Lifetime vs Altitude and Solar Flux.

II. Model Development in the Late 2 0 th Century
Neutral density variations in the thermosphere due to diurnal, seasonal, semiannual, solar activity andgeomagnetic disturbances were first incorporated into the Jacchia 1964 (Ref 5) model that laid the foundation forempirical models still used today. The model is built on analytical representations of temperature height profiles as

functions of latitude, local time, day of year, solar activity index (F10.7) and geomagnetic indices (Kp or ap). A
persistent problem for modelers has been the lack of direct solar EUV and auroral heating (particles and electricfields) data. In the absence of the needed solar observations, all empirical models used the FI0.7 solar radio flux as
a surrogate for solar EUV heating and the 3-hourly Kp index to represent the level of geomagnetic activity. Thesolar flux term incorporates two components, daily and time-averaged values. Height profiles of the major
constituents are calculated as a function of exospheric temperature assuming diffusive equilibrium with fixedboundary conditions at 120 km. An exponential form for the temperature distribution that closely approximates
theoretical profiles allows the hydrostatic equation to be integrated explicitly to estimate density as a function ofheight. Model inputs are position, time and geophysical indices for solar and auroral heating. Outputs are
temperature, composition and density. Semiannual variations, observed to change from year to year via unknown
mechanisms, are represented by climatological averages. The Jacchia 19708 (J70) model, based on drag
measurements from -16 satellites in the 1960's, refined the relationships between solar drivers and density,
improved the semiannual variation climatology and moved the lower boundary to 90 km, using constant temperature
and constituent densities. J70 continues to be the basis for operational density models at Air Force Space Command.
The NASA MET 9 (Marshall Engineering Thermosphere), developed at the NASA Marshall Space Flight Center,
approximates J70, but uses a 162 rather than 81 day averaged solar flux to provide total mass density, temperature
and composition It is used operationally by NASA to estimate satellite lifetimes, orbit insertion, orbit determination
and tracking, attitude dynamics and reentry prediction. Mass Spectrometer and Incoherent Scatter (MSIS) models 6

developed between 1977 and 1990 utilize atmospheric composition data from instrumented satellites and
temperatures from ground-based radars. Although published in 2002, the NRLMSISE-00 model 7 is included in this
suite since it is based on in-situ and orbital databases acquired prior to 2000.

Figure 5 summarizes the problem that confronts scientific and operational users of neutral density models10 . One-
sigma standard deviations for versions of the Jacchia and MSIS models produced between 1964 and 1990 remained
near 15%. A notional depiction of the amount of data available for model development is represented in Figure 5 as a
solid line. It shows that progress in modeling was essentially stagnant even as databases increased significantly. Newdata sets advanced understanding the morphology of drag variations but did not yield commensurate improvements in
quantitative modeling 9. The inadequate proxies used by empirical drag models are the major sources of draguncertainties. The MSIS models provide superior descriptions of atmospheric composition. However, the versions ofthe J70 model were used operationally by a number of organizations including AF Space Command and NASA MSFC
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Figure 5. Accuracy of satellite drag models vs time. The Jacchia and MSIS
series of models are labeled by a J or MS respectively and a year at the top of
the curve. The solid line at the bottom of the curve is a notional indicator of the
amount of data used in development of each model.

since it was available before the advent of the MSIS models, used less computer time and was equivalent in satellite
drag accuracy.

Ideally, physical models of solar behavior and solar terrestrial interactions should form the basis of upper
atmospheric density forecasts. Thermosphere General Circulation Models solve the neutral gas equations of continuity,
momentum, energy and mean molecular mass. Solution of the related differential equations provides global distribution
of the mass density temperature and three components of neutral winds. These complex physical models allowed great
progress, revealing the physics of thermospheric variations via coupling to the ionosphere and magnetosphere. Further,
they have accuracies about same as empirical models 1 2' 13.
However, the observational solar data sets needed to achieve 1.40 -
the potential accuracy of these models are not presently 17available. Consequently the satellite drag community
continues to rely on simpler empirical models driven by 1.00 -,, L-1
proxy indicators of solar heating. These empirical models .I

A significant advance in modeling was achieved by 0._0demonstrating that neutral density models can be corrected o 100 200 300 400 500 600 700 300
in near real time with satellite drag data obtained via .. A .. ............. 2. .- 4

ground-based tracking' 4. This approach used "calibration"
satellites with known area to mass ratios to extract M C--- "
corrected neutral density values. The black line in Figure 6
shows operational tracking data for the LDEF (Long
Duration Exposure Facility) satellite. This satellite was E*
selected because of its nearly constant area-to-mass ratio.
The orbit determination process best fit the satellite
tracking observations in a least squares sense by solving " *.. .. .. . .. .
for a ballistic coefficient (CDA/M) using the density Inclination
predicted by the J70 model. If the model density was low
(high), then the ballistic coefficient was correspondingly Figure 6. Model error reduction with data
increased (decreased). However, assuming constant assimilation. Use of time dependent model
CDA/M, the operational corrections to the ballistic corrections to an empirical model dramatically
coefficient (B) should be interpreted as corrections in reduced the ballistic coefficients from -15% (blue)
model densities over the fit span. For example, a 5% to -5% (green).
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overestimate in B corresponds to a 5% density
underestimate by J70. These corrections to the Ymr Experiment Dont Lfetime Agency
operational density model were then used to modify ...................... .----...........................................-------- .......................
the heat input to J70 and permitted the calculation of 191 DE-2 Composition 13 Mos NASA
corrected global neutral density fields. The model 1932 SETA-2 Densty I MoL AFRL

1933 SETA-3 Density 8 Mo. AFRLcorrection applied to LDEF July 1988 - December 191s 5 -1 Denmity 3 Mt. AFRL
1989 reduced ballistic-coefficient variations to about 13 San Marco Denity 8 Mon. NASA
2.3%. Use of these new time-dependent global ............................................................-.....................----- .
density fields reduced orbit-determination errors for 2300 CHAMP Daisly 7+ Ys. GFZ Potsdam
satellites in different orbits from about 15% to 5% 20M0 TIMED GUMI Composition 65Yrs. NASAlAPLL9ronpacmrcalibration" 002 GRACE Density 54.YnL CSR, Trnas(bottom half of Figure 6). "Atmospheric 2003 SSUSI Composition 4.Y,. IMSPIAPLINRL
technique circumvents errors in model inputs and 2 O miti Drg Demndsy 40Yr. AFRLIAFSPCMRL
inadequacies to improve the precision of orbit .
determination. Thus, at the end of the 20"h century, a Figure 7. Satellite density measurements before and after
new approach to reduce density model errors was 2000.
introduced.

III. Satellite Drag Progress in the 21st Century
A. Overview of New Measurements

Historically, thermospheric density measurements have been sparse. New measurements are providing an
abundance of data as functions of altitude, latitude, local time day of year and solar and geomagnetic conditions.
Figure 7 compares the availability of thermospheric measurements in the 20-year period 1980 - 1999 with that of thelast six years. The new data sources include the CHAMP15 (CHAllenging Minisatellite Payload) and GRACE' 6

(GRAvity and Climate Experiment) accelerometers, the TIMED (Thermosphere Ionosphere Mesosphere Energeticsand Dynamics) GUVI 17 (Global Ultra Violet Imager) and SEE'8 (Solar Extreme Ultraviolet Experiment) instruments,
operational DMSP SSUSI' 9 (Special Sensor Ultraviolet Spectrographic Imager) density remote sensors and extensive
long-term orbital drag measurements2°. We are currently in a "Golden Age of Satellite Drag." New programsroutinely measure drag and density globally. New solar and geomagnetic indices are being developed to improve
empirical and physical inputs needed to implement sophisticated assimilation techniques. These programs are directed
toward dramatically reducing satellite drag errors and increasing forecast times to meet stringent present and evolving
operational requirements. Selected aspects of these new capabilities being currently exploited in Air Force modeling
are described below.

B. Expanded Orbital Drag Databases
Orbital decay measurements provided the

first realistic upper atmosphere density data. o 2.0
They are the basis for the J70 model still '
utilized operationally by most satellite drag o
communities including Air Force Space > 1.0
Command and NASA MSFC. This !=
measurement technique has been greatly z 0.0
improved to develop the comprehensive, high- a-0.0
resolution historical database2, extending 0
from 1966 to 2003, needed to evaluate and
improve empirical models. Accurate daily .
density values are obtained from drag analysis o
of low perigee, high elliptical orbit satellites. "7
Daily temperature values were computed
using a procedure in which tracking LL
observations are fit using a special orbit-
perturbations method 22. The initial database 70 78 86 94 02
used over two dozen satellites to attain YEAR
unprecedented coverage under a wide range of Figure 8. Density as function of day of year from 1970 to 2001
solar/geomagnetic conditions that produced at 400 km (top); solar flux (F10.7) and the level of geomagnetic
neutral densities with one-day resolution 22 and activity (ap). (bottom).
an accuracy of about +/- 4%. Figure 8 shows
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1.2. densities obtained from a single satellite at 400
kkm latitude (top frame) over solar cycles 20 to

1.15 23 (1970 - 2001). Traces of the F10.7 and ap1.1 'A indices plotted in the bottom panel of Figure 8
S.... .. represent prevailing solar and geophysical

conditions.
The detection of unmodeled thermospheric

variations 23' 2 4' 2 5 associated with increased
AL .greenhouse gases is an additional result of

long-term database analyses. Similar effects
. were also uncovered in the analyses of

0.5 ' ionospheric F2 layer heights19. First-principlemodel simulations2 predicted that a doubling
IJI-IsJ ,,-74 ism-?@ Ja,42 Jam,-1 Jan4-o Jam44 Jan .- of CO 2 would cause thermospheric density to

Tim a decrease by about 40% at 400 km near solar
minimum and 18% near solar maximum. DataFigure 9. Thermospheric cooling. Comparison of density data shown in Figure 925 indicate a density decline

to model results vs time obtained two ways: (a) from of about 5% over 30 years (average solar flux
unnormalized (green) and (b) normalized (red) data. Dashed of 128 units) corresponding to a CO 2 increase
lines are linear regression fits. of 12.5%. If the density decline is linearly

related to CO2 concentration, then these resultsappear to be in close agreement with theory. Consequent to thermospheric cooling the lifetimes of space objects will
increase as will the probability of collisions. These studies illustrate the continuing applications and requirements for
improved satellite drag models over all time scales.

C. Assimilative Operational Models
The Air Force High Accuracy Satellite Drag Model (HASDM)27. 2 8'29 optimizes the concept of "atmospheric

calibration14"' by simultaneously tracking -75 calibration satellites. Observations and statistical uncertainties are
directly applied to solving for satellite state vectors. Density is
determined using a single weighted differential estimation 12

process that generates average corrections to J70 temperatures
every three hours. Globally corrected density fields are then 1.1
determined with the corrected temperatures. The concept was
tested in 2001 and operational implementation began in
September 2004. HASDM typically reduces satellite drag I
errors from about 15% to 8% overall (4% for the calibration I
satellites) and provides a one-day forecast capability. Thus, it .9 MSI
cuts the persistent deficiency in satellite drag operations by msiS
about a factor of two.

0.8

D. New Orbital Drag Model 200 300 40 Soo 600 1o0

The new Jacchia-Bowman (JB2006)30 model exploits the 035 AWNt do otk

availability of new historic satellite drag datasets.. This model
is based on the Jacchia model heritage. The major differences
are in solar flux inputs, the semiannual formulation and local 025
time variations. These additions were developed and tested ,
against large satellite-drag databases. Approximately 120,000
orbital drag data points were used in developing the new JO.I
model's equations. The satellites had perigee altitudes ranging O.1
from 175 km to 1100 km and covered the period 1978 through o.s -. ,
2004. Solar indices have three components: EUV
measurements in the 250-300 nm range from the SOHO 00 O 4 So o 700;ZOO 0 40 0 60 0satellite, FUV MglI data (from Solar Backscatter Ultraviolet AI•tud. OM

spectrographs on Nimbus satellites) and F10.7 . The semiannual
variation changes with height and time, and depends on solar Figure 10. Mean data-to-model ratios (top) andflux rather than the climatological averages of J70. Local time standard deviations (bottom) for JB2006, J70,
corrections were determined as a function of altitude, latitude and NRLMSIS models vs altitude.
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and solar flux. JB2006 is currently applicable for the period 1997 through 2004, when the required SOHO solar indices
are available. A limitation of the model is that the formulation for geomagnetic storm periods is unchanged from J70.

An evaluation of JB2006 with independent orbital drag data shown in Figure 10 indicate that mean values are
similar to those of the J70 (and MET, not shown since results were essentially the same as those from J70) and
NRLMSISE models (top frame), but that the standard deviations are lower at all altitudes3" (bottom frame). Overall
standard deviations are reduced by about 5%. This is the first significant error reduction in (non-assimilative) empirical
models.

A planned upgrade (designated JB2008) will advance JB2006 in five areas: (1) use high-resolution, full-spectrum
solar EUV inputs from the TIMED/SEE sensor: The TIMED Solar EUV Experiment (SEE) provides the first
comprehensive solar EUV data since the Atmosphere Explorer -E measurements during 1975-1981 , (2) develop new
equations for geomagnetic storm periods, (3) model the localized high latitude density enhancements seen in CHAMP
accelerometer data , (4) upgrade the formulations semiannual variations, and (5) improve drag coefficients for
satellite reentry studies. The following section describes planned improvements applicable to geomagnetic storm
periods.

E. Geomagnetic Storm Analyses

so - ~ 9
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-60

311 312 33 314 315 316 317 318 319 311 312 313 3431 5316 317 318 319
DacfdYear2004 Day d Yew 2C04
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Figure 11. GRACE noon densities (top left) and midnight densities (middle left) in latitude-
day of year coordinates normalized to day 311 values; corresponding NRLMSISE model
values (top and middle right); bottom curves are solar-geomagnetic conditions.

Serious shortcomings of present empirical models are most evident during large magnetic storms when complex
thermospheric responses become difficult to capture. Initial responses to storm electrodynamics include Joule and
frictional heating that raise thermospheric temperatures as well as enhanced ion drag that drives high-speed
neutral winds at high latitudes. The stormtime heat sources induce divergent wind surges that propagate from
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both polar regions toward lower latitudes and beyond into the opposite hemispheres. Vertical components
accompanying the divergent wind fields propel material across pressure surfaces, and carry molecule-rich gas
to higher levels. Consequent composition "bulges" of increased mean molecular mass are then transported by
storm-induced and background winds. Numerical simulations suggest that the prevailing summer-to-winter
circulation near solstices transports the nitrogen-rich gas to mid and low latitudes in the summer hemisphere
over a day or two following storms 34. These composition responses are responsible for positive (increased
atomic oxygen) and negative (increased molecular nitrogen) ionospheric storms.

The recent availability of accelerometer measurements from the CHAMP and GRACE satellites facilitates new
attempts to address stormtime shortcomings. CHAMP data indicate that during the superstorms of October and
November 2003 models underestimated density responses by as much as a factor of two35, 36. Data from the superstorm
of 8 - 10 November 2004 are shown in Figure 11 to illustrate the extremes of thermospheric variability37. Magnetic
activity maximized during days 312 - 315, with ap reaching 300 in two consecutive 3-hr intervals on day 313, at the
end of day 314 and in the middle of day 315. To facilitate interpretation of the variability, densities in 2-degree latitude
bins are normalized to the quiet conditions of day 311. The relative variations are large, reaching values >5. GRACE
measurements are shown in left panel of Figure 11. The ratios of measured density to NRLMSISE-00 predictions,
shown in the right panel of Figure 11, indicate that the model underestimated responses by as much as a factor of 3.

Simultaneous measurements from ion drift meters and magnetometers on DMSP satellites are now being used to
estimate net Poynting fluxes into the ionosphere and stormtime thermospheric heat budgets. During the main phase of
the storm of April 2000 four DMSP satellites detected large quantities of energy being deposited into the auroral
ionosphere but ground measurements no commensurate magnetic perturbations38. This behavior is a late main-
phase feature of most large (Dst < -200 nT) storms. Models that rely solely on their measurements would
significantly underestimate thermospheric energy budgets during such storms. Figure 12 summarizes results between a
comparison of GRACE measurements with magnetic and electro-dynamic parameters acquired during the magnetic
storm of November 8 - 10, 200439. Thermospheric mass densities PT derived from the accelerometers on the GRACE
satellites are shown with superposed orbit-averaged densities < PT> (blue) and with variations of the indices Dst
and E,,. The red line in the top frame show values of Dst. Evs is the electric field in the inner magnetosphere
estimated with a modified Volland-Stem model. Its
variations, represented by the red trace in the a s
bottom panel, were determined from solar wind and "
interplanetary magnetic field data acquired by the 4
Advanced Composition Explorer (ACE). From the I
beginning of the main phase through the early recovery .0 00,
phase (-08:00 UT, 8 November) Dst and PT were 2 2-,
highly correlated. After this time through the first
half of 9 November, the thermosphere relaxed at a 0
faster rate than Dst. Stormtime activations of 9 - 10
November proceeded in two stages. In the second and 0
more disturbed period, thermospheric responses seem __

to precede Dst by about an hour. Again the 4 E

thermosphere relaxed more quickly than Dst during 2

recovery. Variations of E,, and < PT >were quite 3
similar in form throughout the entire storm. Structures 2..
in E,, traces consistently preceded those of < PT > by f
several hours. With a constant lead time of 4 hours the 1
correlation between the two quantities is -40.87. This _ _,__--,,_

suggests a new basis for gaining 4-hour predictions of 7 9 10 11
stormtime disturbances using standard data measured DAY IN NOV 2004
by ACE near the L, point. These observational results
form the basis of a new research effort to improve Figure 12. Top: GRACE measurements during the
stormtime predictions of the new JB2008 model. Nov 04 storm period with superposed orbit-averaged

Returning to the top panel of Figure 12, we densities (blue) and with variations of the indices Dst
direct the reader's attention to the presence of large (red) index. Bottom: Orbit averaged GRACE
positive and negative spikes in the instantaneous densities (blue) and Evs (red). Evs is the electric field
measurements of "PT". They occur at magnetic high in the inner magnetosphere determined from the
latitudes and are unpredicted by models. Volland -Stern model (red), derivable from ACE
Comparisons with near simultaneous ion drift (Advanced Composition Explorer) satellite data at
measurements from DMSP satellites suggest that the Li point.
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rapidly varying accelerometer measurements reflect encounters with strong (>1 km/s) head and tail winds in the
thermosphere driven by plasma convecting in the anti-sunward direction across the polar caps.

F. Thermospheric Winds and Satellite Drag
As equation (1) indicates, although neutral winds contribute to satellite drag their contribution to error budgets is

generally small, -5% for 200 mr/s1 winds. Empirical models of winds have been developed but have not been
incorporated into drag models. If wind contributions were systematic, they could be absorbed into calculations that
use density and drag interchangeably. However, especially at high latitudes, winds depend on Universal Time, local
time, season, IMF orientations and episodic geomagnetic activity. The unmodeled wind effects associated with
geomagnetic activity can introduce more significant drag errors. At high latitudes, energy and momentum sources
associated with magnetosphere-ionosphere coupling strongly affect the dynamics of the thermosphere. Ion and
electron precipitation create and maintain ionospheric plasma in the absence of solar EUV. Auroral and polar-cap
electric fields convect plasma across the magnetic field, generally at finite velocities in the rest frames of
thermospheric neutrals. During magnetic storms ion convection across the polar cap collisionally drags neutrals to
generate winds with speeds that can exceed 1 kms-1 39 at F layer heights introducing errors of -25% or more in local
drag estimates. Present day assimilative ionospheric models obtain composition from one empirical model 9 and
winds from another40 . The time is fast approaching when assimilative ionospheric and thermospheric models will be
applied systematically to model and predict satellite drag.

G. New Neutral Density Multi-University Initiative (MURI)
A new 3-year MURI has been awarded to a team headed by the University of Colorado, with work scheduled to

begin in FY08. This research will develop the physics and chemistry concepts required to accurately and reliably
specify and forecast thermospheric neutral density to support both empirical and physical modeling. The initiative
is intended to conduct critical basic research toward a near-real-time, accurate operational capability to locate, track
identify, and estimate future locations of satellites with high accuracy. Key research goals include: (1) improved
understanding of the physics of solar and geomagnetic quiet times, (2) understanding of how solar events couple
into atmospheric effects, (3) a model of high latitude energy and its impact on the atmosphere, (4) a better method to
measure neutral density and winds on a global scale, (5) a method to simultaneously measure Joule heating and
neutral density response, (6) an understanding of the spatial and temporal distribution of energy sources of the
thermosphere, (7) an understanding of the predictive potential and relative importance of solar energy sources to the
thermosphere, and a determination of the time from prediction or observation to a change in atmospheric density. (8)
development of physics-based indices to replace the statistical indices now in use, (9) precise determine of satellite
drag coefficients, (10) an understanding of the physics of drag in the 200-100 km region with an object going from
free molecular flow to slip flow. With the additional underpinning of this effort, we anticipate significant future
progress in satellite drag capability.

IV. Summary
Uncertainties in neutral density variations have been the major limiting factor for precise low-Earth orbit

determination. The combined new data sets from orbital drag, satellite-borne accelerometers and remote sensors
provide unprecedented capabilities for understanding thermospheric variability. Solar EUV heating is the major energy
source for the thermosphere and is also the major source of day-to-day satellite drag errors. Data are revealing new
areas of thermospheric sensitivity to solar EUV and FUV. These issues can now be addressed with new, accurate
measurements of the solar spectrum. The dramatic, though less frequent, geomagnetic storm effects can now be
analyzed with detail previously unavailable. Variations as functions of latitude, day of year and local time are being
routinely measured with high resolution, allowing previously unachievable analyses. The satellite drag problem is
being vigorously and fruitfully attacked on several fronts: a variety of comprehensive measurements, data assimilation
or "calibration" schemes, solar and geomagnetic indices, and the new MURI effort. The culmination of these efforts
will be steady, previously unattainable, progress in meeting evolving stringent requirements for operations in the
satellite drag environment.
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